The spin Peltier effect (SPE), heat-current generation as a result of spin-current injection, has been investigated in alternately stacked Pt/Fe 3 O 4 multilayer films. The temperature modulation induced by the SPE in the [Pt/Fe 3 O 4 ] × n films was found to be significantly enhanced with increasing the number of Pt/Fe 3 O 4 bilayers n. This SPE enhancement is much greater than that expected for a simple stack of independent Pt/Fe 3 O 4 bilayers. The observed n dependence of the SPE can be explained by introducing spin-current redistribution in the multilayer films in the thickness direction, in a manner similar to the enhancement of the spin Seebeck effect in multilayers.
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I. INTRODUCTION
Spintronics [1] [2] [3] [4] and thermoelectric conversion [5] [6] [7] possess great potential for the development of next-generation energy-saving technologies. These two research fields have been integrated since the discovery of the spin Seebeck effect (SSE) [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The SSE refers to the generation of a spin current as a result of a heat current; when a temperature gradient is applied to a paramagnet (P)/ferromagnet (F) junction, a spin current is generated across the P/F interface and then converted into a measurable electric voltage in P via the spin-orbit interaction. Since the SSE is driven by thermally activated dynamics of magnons in F [22] [23] [24] [25] [26] [27] , it appears not only in conductors [8, 10, 17] but also in insulators [9, [11] [12] [13] [14] [15] [16] [18] [19] [20] , enabling the utilization of insulators for thermoelectric generation [13, 21] . This is the unique feature of the SSE, offering a new direction in thermoelectric conversion technologies.
Recently, research on the spintronics-based thermoelectric conversion has been expanded into the reciprocal process of the SSE: the spin Peltier effect (SPE) [28] [29] [30] [31] [32] . The SPE refers to the generation of a heat current as a result of a spin current flowing across the P/F interface, which was observed in a junction comprising a ferrimagnetic insulator yttrium iron garnet (YIG) and a paramagnetic metal, e.g., Pt and W, by means of microfabricated thermopile sensors [28] and lock-in thermography (LIT) [31, 32] . The utilization of insulators for thermoelectric heating and cooling is a unique feature of the * UCHIDA.Kenichi@nims.go.jp † Present address: National Institute for Materials Science, Tsukuba 305-0047, Japan.
SPE. However, compared to an enormous number of SSE studies, experimental research on the SPE is limited to a few studies, which are insufficient to clarify the behavior and mechanism of the SPE. In particular, the establishment of principles for enhancing the SPE is important to realize novel heat-pump and temperature-control technologies driven by spintronics.
Here, we focus on the recently revealed fact that the SSE is strongly enhanced in alternately stacked P/F multilayer films with increasing the number of P/F bilayers [33] [34] [35] . In light of the reciprocal relation between the SSE and SPE, the SPE is also expected to be enhanced in the multilayer films. In the present study, we demonstrate this behavior; we find that the temperature modulation induced by the SPE in the P/F multilayer films significantly and monotonically increases with increasing the number of P/F bilayers. This SPE enhancement is much greater than that expected for a simple stack of independent P/F bilayers. We discuss a possible origin of the bilayer-number dependence of the SPE on the basis of analytical and numerical calculations.
II. EXPERIMENTAL PROCEDURE
The sample systems used in this study are highly crystalline [Pt/Fe 3 O 4 ] × n multilayer films with bilayer numbers of n = 1, 6, and 12 [ Fig. 1(a) ]. The multilayer films are the same as those used for the SSE measurements reported by Ramos et al. [33, 34] , obtained by sequential growth of bilayer junctions consisting of paramagnetic Pt and ferrimagnetic Fe 3 O 4 films on 0.5-mm-thick single-crystalline MgO(001) substrates. The Pt and Fe 3 O 4 layers were respectively deposited by dc magnetron sputtering and pulsed laser deposition methods in the same ultrahigh-vacuum chamber. The thickness of each Pt (Fe 3 O 4 ) layer is t P = 7 nm (t F = 23 nm). The length and width of the samples are 7 mm and w = 2 mm, respectively. Although Fe 3 O 4 is electrically conductive, it can be regarded as a ferrimagnetic insulator because the electrical conductivity of Fe 3 O 4 is two orders of magnitude lower than that of Pt. Detailed information about the sample preparation and characterization is given in Refs. [33] [34] [35] .
In the [Pt/Fe 3 O 4 ] × n multilayer films, the SPE is excited by the spin Hall effect (SHE) [36] [37] [38] [39] in the Pt layers. When a charge current J c is applied to the Pt layers along the y direction, the SHE generates a spin current along the z direction. This spin current induces spin accumulation near the Pt/Fe 3 O 4 interfaces, of which the spin polarization is directed along the x direction due to the symmetry of the SHE. This spin accumulation combines with magnetic moments in the Fe 3 O 4 layers via the spin-mixing conductance [40] . Therefore, when the magnetization M of the Fe 3 O 4 layers aligns along the x direction, the spin-transfer torque across the Pt/Fe 3 O 4 interfaces induces a net energy transfer along the z direction; this is the SPE [28, 31, 32] . The heat current generated by the SPE is proportional to the magnitude of the injected spin current and dependent on whether the spin-polarization direction in Pt is parallel or antiparallel to M of Fe 3 O 4 . The SPE in the [Pt/Fe 3 O 4 ] × n multilayer films can be measured by monitoring the spin-current-induced temperature change on the sample surface.
To observe the SPE in the [Pt/Fe 3 O 4 ] × n multilayer films, we employed the LIT method [41, 42] , which enables simple, versatile, and systematic measurements of the SPE [31, 32] . The measurement procedure is summarized in Fig. 1(c) . We measured the infrared radiation thermally emitted from the surface of the samples while applying an ac charge current with rectangular wave modulation with amplitude J c , frequency f , and no dc offset to the samples, where we attached electrical contacts near the ends of the top Pt layer and set f = 5 Hz except for f -dependent measurements shown in Appendix A. The obtained thermal images are transformed into the lock-in amplitude A (>0) and phase φ (0 • < φ < 360 • ) images by Fourier analysis; by extracting the first harmonic response of the thermal images, we can separate the SPE contribution (∝J c ) from Joule-heating contribution (∝J 2 c ) because the Joule heating generated by the rectangular ac current is constant in time, as depicted in Fig. 1(c) . The detected infrared intensity is converted into temperature information through the calibration method detailed in Supplementary Information of Ref. [31] . To enhance infrared emissivity and to ensure uniform emission properties, the sample surface was coated with insulating black ink, whose emissivity is >0.95; as shown in the steady-state infrared image of the sample under thermal equilibrium [ Fig. 1(b) ], the infrared intensity emitted from the black-ink-coated area near the center of the sample is much higher than that from the uncoated area near the electrical contacts. During the LIT measurements, an in-plane magnetic field H with magnitude H was applied along the x direction. When |H | > 1 kOe, M of the Fe 3 O 4 layers is aligned along the H direction. All the measurements were carried out at room temperature and atmospheric pressure. Here, we emphasize again that the electrical conductivity of films. Hereafter, for simplicity, the electrical conductivity and spin Hall angle of the Pt layers are assumed to be the same regardless of their position. indicating that the sign of the current-induced temperature modulation on the surface of the sample is reversed in response to the M reversal. This result confirms the spin origin of the observed temperature modulation. The signal is almost independent of the lock-in frequency f (see Appendix A); this behavior is also one of the features of the SPE, which arises as a consequence of the temperature modulation confined near the interfaces, as demonstrated by the previous SPE measurements using Pt/YIG systems [31] . We also checked that the sign of the current-induced temperature modulation in the [Pt/Fe 3 O 4 ] × 6 sample is the same as that of the SPE signals in the Pt/YIG systems [31] . Judging from the large difference in the electrical conductivity between Pt and Fe 3 O 4 and the experimental results on the SSE in similar Pt/Fe 3 O 4 films [16, 33] , we can neglect the contribution coming from the anomalous Ettingshausen effect [43] 4 ] × n samples, we plot A at H = +10 kOe as a function of the charge current density, given by the charge current over the total cross-sectional area of the Pt layers, j c ≡ J c /(wnt P ) [ Fig. 3(a) ]. As shown in the inset in Fig. 3(a) , the SPE magnitude per unit chargecurrent density SPE (n) ≡ A/j c monotonically increases with increasing n, and the enhancement ratio between n = 12 and 1, SPE (n = 12)/ SPE (n = 1), reaches ∼40. This SPE enhancement is almost consistent with the SSE enhancement in the [Pt/Fe 3 O 4 ] × n multilayer films (see [44] ) but cannot be explained simply by regarding the multilayer films as plain stacks of independent Pt/Fe 3 O 4 bilayers, where the enhancement ratio is calculated to be 2n − 1 (=23 for the [Pt/Fe 3 O 4 ] × 12 sample; see Appendix B). Therefore, an unconventional mechanism is required to explain the significant enhancement of the SPE observed in the [Pt/Fe 3 O 4 ] × n multilayer films.
III. RESULTS AND DISCUSSION

A. Observation of the spin Peltier effect in multilayers
B. Calculation of spin-current profile in multilayers
We found that the observed enhancement of the SPE can be reproduced by introducing the magnon spin current in F and its connection with the electron spin current in P at the P/F interfaces, as in the case of the SSE in multilayer films [33] . In the SPE, the electron spin current is driven by the charge current via the SHE in P, and the magnitude of the temperature modulation is determined by the number of spins injected into F [28] , which is the magnitude of the magnon spin current at the P/F interfaces. In the plain P/F bilayer system, the efficiency for generating the magnon spin current 184437-3 by the SHE-driven electron spin current is limited because a back flow is induced to satisfy the boundary condition that the magnon spin current should vanish at the bottom surface [see the spin-current profile for n = 1 in Fig. 4(a) ]. In contrast, in the multilayer systems, such back flow is not induced but reused as the magnon spin current in the neighboring F layers owing to the connection between the magnon and electron spin currents, resulting in improved spin injection efficiency [see the spin-current profiles for n 2 in Fig. 4(a) ]. As the observable temperature modulation in the multilayer systems can be regarded as the integral of each layer's modulation, the increased efficiency at the inner interfaces results in enhanced temperature modulation in the multilayer systems.
To estimate the enhancement, we calculate the sum of the spin-current density at the interfaces, which is defined as J int s,sum , by computing the profiles of the magnon spin-current density j m and the electron spin-current density j s based on magnon and electron-spin diffusion equations. We regard the system as one-dimensional along the thickness direction (the z axis) and consider only spin currents polarizing in the field direction (the x axis). The interface between the substrate and the bottom F layer is at z = 0, and the surface of the top P layer is at z = n(t F + t P ) ≡ t ML . Under the charge current along the −y direction with the density j c in P, the spin-current density j s is given by
where e, σ s , μ s , and θ SHE denote the elementary charge, spin conductivity, spin accumulation (in eV), and spin Hall angle of P, respectively [3]. When we assume that the magnon current is driven by magnon chemical potential [45] , the magnon current density j m is given by
where σ m and μ m denote the magnon conductivity and magnon chemical potential (in eV), respectively. We note that the derivation of the SPE enhancement discussed here does not necessarily require the magnon chemical potential as the driving force of j m ; the magnon particle accumulation picture [27] also works. Here, we assume Eq. (2) as it is effective to describe the long-range transport of spins at room temperature and the transport coefficients are available [45] . The profile is obtained by solving the diffusion equation for magnons (α = m) and electron spins (α = s),
where λ α denotes the decay length of μ α andz represents a relative position in each layer [0 z t F (t P ) for the F (P) layer] [3, 45] . The boundary conditions at the top and bottom surfaces are j s (t ML ) = 0 and j m (0) = 0. At the inner interfaces, j m and j s are continuous by assuming the reciprocal conversion between j m and j s [33, 45] , and the magnitude at the P/F interfaces is given by
with conversion efficiency g s . In our calculation, σ s = 1.3 × 10 6
, λ s = 3 nm [39] , λ m = 17 nm [20] , and g s = 9.6 × 10 13 −1 m −2 [45] are used, where σ m and g s are assumed to be the same values for the Pt/YIG systems [45] . Figure 4 (a) shows the j m and j s profiles along the thickness (z) direction for the [P/F] × n systems, with n = 1, 2, 6, and 12. As expected, with increasing n, the number of interfaces with larger spin currents increases because of the series connection effect for the spin currents. This is the additional contribution to the SPE enhancement in the multilayers, which explains the deviation from the factor of 2n − 1. can be compared with the experimental results in the inset in Fig. 3(a) in our experiments can be regarded as the integral of each layer's modulation]. In contrast, we also found that the spin-current density averaged by the number of P/F bilayers is monotonically enhanced but gradually saturated with respect to n, as shown in Fig. 4(c) , where J int s,ave (=J int s,sum /n) normalized by the value at n = 1 is plotted as a function of n (see also [44] ).
Finally, we mention the length scale of the SPE enhancement in the multilayer systems. In the above calculations, we assume the situation where λ m < t F and λ s < t P to evaluate the spin-current profiles, where the SPE enhancement is determined by the spin-current redistribution mainly affected by the adjacent layers. In contrast, with increasing λ m and λ s or decreasing t F and t P , stronger SPE enhancement characterized by a new length scale can be expected, as discussed in the SSE study using multilayers [33] . Therefore, the determination of optimum thicknesses of each layer and the optimum P/F material combination is important to realize efficient heatenergy control based on the SPE in multilayer systems.
IV. CONCLUSION
In this study, we reported the observation of the spin Peltier effect (SPE) in alternately stacked Pt/Fe 3 O 4 multilayer films with various layer numbers. The temperature modulation on the surface of the multilayer films induced by the SPE was measured by means of the lock-in-thermography technique. The experimental results show that the SPE signals are significantly and monotonically enhanced with increasing the number of Pt/Fe 3 O 4 bilayers. The layer-number dependence of the SPE is similar to that of the spin Seebeck effect (SSE) in Pt/Fe 3 O 4 multilayer films, implying a reciprocal relation between the SPE and SSE. In fact, the SPE enhancement observed here can be explained by a mechanism similar to that proposed for explaining the enhancement of the SSE in multilayer systems; the essence of the SPE-enhancement mechanism is the redistribution of magnon and electron spin currents flowing normal to the multilayers due to their interconnection. Although the temperature modulation induced by the SPE is still very small, the experiments and calculations reported here provide guidelines for improving the thermospin conversion performance of the SPE and pave the way for realizing spin-current-driven thermal management technologies. temporal information, i.e., the time delay due to thermal diffusion [41] . Therefore, by measuring the f dependence of LIT images, one can obtain the time scale for reaching steady states, where the LIT images at lower f values are closer to temperature distribution at steady-state conditions. Previous experiments using Pt/YIG systems show that the SPE signals are independent of f , at least, in the range of 1 f 25 Hz [31, 32] , meaning that the temperature modulation induced by the SPE immediately reaches the steady state. This is because the SPE-induced temperature modulation is confined only in the vicinity of the P/F interfaces, which is quite different from thermal diffusion expected from conventional heat sources, such as Joule heating [31, 32] .
To demonstrate this unique feature of the SPE in multilayer films, we measured the f dependence of the A and φ images by using the [Pt/Fe 3 O 4 ] × 6 sample. In Fig. 5(c) , we show the A and φ values on the sample surface at J c = 40 mA as a function of f , measured when H = +10 or −10 kOe. We confirmed that the magnitude of A is nearly constant at all f values, which is in sharp contrast to the f dependence of Joule heating in the same sample [ Fig. 5(d) ], where the Joule-heating signal monotonically increases with decreasing f due to thermal diffusion [note that the Joule heating can be measured by applying a dc offset to the rectangular ac current, although it is eliminated in the SPE measurements because of the zero offset, as depicted in Figs. 5(a) and 5(b) 4 , and MgO are 7 nm, 23 nm, and 0.5 mm, respectively, and the width of all the layers is 2 mm. As demonstrated in Ref. [31] , the temperature distribution induced by the SPE can be reproduced by assuming the presence of a dipolar heat source, a symmetric pair of positive and negative heat-source components, near the P/F interface. In the present model systems, we put a dipolar heat source on each Pt/Fe 3 O 4 interface, where one of the heat-source components is placed on Pt and the other is on Fe 3 O 4 [ Fig. 6(a) ]. The polarity of the dipolar heat source on each interface is determined according to the direction of the spin currents, where the sign of the heat-source component on the top Pt layer is set to be positive. We assume that the thickness of the heat-source components is half of the thickness of each layer: 3.5 nm (11.5 nm) for the component on the Pt (Fe 3 O 4 ) layers. The width of the dipolar heat sources is the same as that of the Pt and Fe 3 O 4 layers (2 mm). This model represents the plain stack of the independent Pt/Fe 3 O 4 bilayers. As a boundary condition, the temperature of the bottom of the MgO substrate is fixed at 300 K, and the top and side surfaces of the systems are connected to air. The thermal conductivities of Pt, Fe 3 O 4 , and MgO are assumed to be the values shown in Refs. [18, 46] . The interfacial thermal conductance at the Pt/Fe 3 O 4 and Fe 3 O 4 /MgO interfaces (the heat-transfer coefficient from the system to air) is set to be 1.0 × 10 8 W/m 2 K (10 W/m 2 K). In this condition, we calculated the temperature difference T distribution for various values of n, where T is defined as the difference from 300 K.
In Fig. 6(b) , we show the calculated T distribution in the z-x plane and the T profile along the z direction for the [Pt/Fe 3 O 4 ] × 6 multilayer film, where x = 0 is at the × n systems. We found that the enhancement ratio of T in these systems is calculated to be 2n − 1;
T is simply proportional to the Pt/Fe 3 O 4 -interface number. This enhancement ratio is much smaller than the observed SPE enhancement as compared in Fig. 6(c) , suggesting the importance of the interlayer interaction. In Sec. III B, we discussed the interlayer interaction in terms of the spin-current redistribution.
